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INTRODUCTION 
Non-linear acoustic measurements can provide information on the microstructure or 
internal state of stress of materials and offer great potential for the nondestructive 
characterization of materials [1]. But non linear effects are difficult to measure, especially in 
industrial environments. For instance, changes in acoustic velocity with temperature or with 
applied stress are very small. The detection of acoustic harmonics [2], the interaction of 
multiple acoustic wavefronts [3], or of acoustic-radiation-induced static strain[ 4] requires 
sensitive transducers calibrated for absolute amplitude measurements to allow the 
determination of the third order elastic constants. Among these techniques, the detection of 
second harmonics offers potential for industrial applications because it requires no applied 
stress, no (slow) change in temperature and only one acoustic source. 
Acoustic second harmonic generation is usually studied using a capacitive transducer [5] 
as detector because absolute displacements, good sensitivity, wide dynamic range, and wide 
bandwidth are required. For example, a 10 MHz, 40 A amplitude, 6000 rn/s longitudinal 
acoustic wave propagating a distance of 1 cm in a metal with a non-linearity parameter, /3, of 
5, develops a 20 MHz second harmonic of 0.1 A amplitude. But capacitive transducers 
require time-consuming sample preparation and can only be implemented in the laboratory. 
Optical detection of ultrasound may be an interesting alternative because it also provides 
absolute values of the displacement, wide dynamic range and wide bandwidth. Additionally, 
it is a non-contact method, requires little or no sample preparation, and provides quick 
measurements. Its main disadvantage is reduced, (but adequate) sensitivity. 
In this paper, we briefly compare the homodyne and the heterodyne Michelson 
interferometers for harmonic detection. Although the homodyne interferometer is simpler, it 
is more sensitive to vibrations, is more difficult to calibrate, and is sensitive to amplitude 
modulation of the collected light. We therefore analyze the behavior of a heterodyne 
interferometer in more detail. Although the associated electronic demodulation circuit contains 
non-linear elements, we show that it is possible to produce an output linear in the ultrasonic 
displacement. Experimental measurements agree with a model of the interferometer and 
demodulation electronics. Preliminary measurements of the non-linearity parameter, p, for a 
sample of fused quartz agree with literature values. 
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HOMODYNE AND HE1ERODYNE MICHELSON IN1ERFEROME1ERS 
Fig. 1 shows a simplified homodyne Michelson interferometer. The light generated by 
the laser is split into reference and probe beams. After reflection from the sample, the probe 
beam is mixed with the reference beam. The photodetector measures the light intensity 
produced by the interference of these two beams. The mirror in the reference beam path is 
mounted onto a piezoelectric actuator to adjust the relative phase of the two light beams to 
quadrature, giving a reference point at the zero fringe crossing. This adjustment is usually 
done continuously to minimize the effects of ambient vibrations. Any high frequency acoustic 
perturbation of the sample surface is detected as a fluctuation in the amount of light at the 
photodetector. The output of the photodetector is given by 
Vdet = A sin (4rcU(t)/J..) = A sin qX.t) 
, (1) 
where A is the amplitude of the fringe signal, J.. is the wavelength of light, and U(t) and 
cri,.t) = 4rcU(t)/').. are the acoustic displacement and probe-beam phase shift as a function of 
time, t. In first approximation (cp« 1), the detector output is linear with respect to the 
acoustic amplitude. To higher approximation, the interferometer produces only odd 
harmonics. This simple interferometer can therefore easily be used to detect acoustic second 
harmonics. 
As will be seen later, the heterodyne Michelson interferometer presents two advantages: 
better isolation against mechanical vibrations and a calibration that is independent from the 
reflected light intensity, from the speckle pattern of rough surfaces, and from possible 
amplitude modulation at the acoustic frequency. We utilize an Ultra-Optec OP35-0 (see also 
ref. [6]). A schematic diagram is shown in Fig. 2. Here, the reference beam is frequency 
shifted using a 40 MHz acousto-optic modulator (a Bragg cell). The interference of the 
reference beam and of the probe beam reflected from the sample surface causes a 40 MHz 
variation of the light intensity at the photodiode detector. Fluctuations in the path difference 
between the two beams, caused by ultrasonic displacements of the sample surface, phase 
modulate the detected light intensity. The detected signal, V del> is therefore equal to 
Vdet = A cos (WBt + 4rcU(t)/J..) = A cos (WBt + qX.t)) 
, 
where WB is the frequency of the modulation (equal to the Bragg frequency). 
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Fig. 1. Schematics of a homodyne interferometer. 
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Fig. 2. Schematics of the Ultra-Optec OP35 heterodyne interferometer. Vu is proportional to 
the surface displacement. 
For a sinusoidal acoustic signal of the form U(t) = Uo sin rout and writing qkJ = 41tUoA, 
Vder can be expanded into its frequency components as follows: 
V = A [cos roBt cos (qkJ sin rout) - sin roBt sin (qkJ sin rout)] der 
= A [cos roBt (Jo(qkJ) + 2J2(qkJ) cos 2rout + 2J4(qkJ) cos 4rout + ... ) 
- sin roBt (2Jl(qkJ) sin rout + 2J3(qkJ) sin 3rout + ... )] 
=A (Jo(qkJ)cosroBt 
- l}(qkJ) [cos (roB - rou)t - cos (roB + rou)t] 
+ h( qkJ) [cos (roB - 2rou)t + cos (roB + 2rou)t ] 
-h(qkJ) [cos (roB - 3rou)t- cos (roB + 3rou)t] + ... } 
s= -00 (3) 
In the second equality, the terms cos (qkJ sin rout) and sin (qkJ sin rout) are expanded in terms 
of Bessel functions. Eq. 3 shows that the phase modulated light signal contains a carrier 
frequency and an infinite number of lateral sidebands, the sth sideband having a relative 
amplitude JiffJO). These relative sideband amplitudes were confirmed experimentally by 
measuring the photodiode output on a spectrum analyzer. 
DEMODULATION OF THE OPTICAL SIGNAL 
To extract the acoustic information, V tier is mixed with another signal of frequency roB, 
but in quadrature: 
V tier sin roBt = A cos (roBt + cp(t)) sin roBt 
= 1 [cos roBt cos cp(t) - sin roBt sin qJ(t)] sin roBt 
= 1 [sin 2roBt cos cp(t) - (1 - cos 2roBt) sin cp(t)] . (4) 
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If we filter out all frequencies above WB and call the result Vu, we get 
(5) 
where in the last equality it is assumed that qJ« 1. As for the homodyne interferometer, the 
demodulated signal is linear in the surface displacement to first order. To higher orders, only 
odd harmonics are present. The electronic implementation of this demodulation scheme is 
shown in Fig. 3. A mixer is used as the multiplicative element between Vdel and a quadrature 
signal generated by a voltage controlled crystal oscillator (VCXO). The output 35 MHz low-
pass filter eliminates all frequencies above OJB. A 10kHz feedback loop maintains the 90° 
phase relationship between V det and the quadrature signal in the presence of ambient 
vibrations. This method of compensation is more effective than the actuated mirror of the 
homodyne interferometer because it does not involve an electromechanical feedback loop that 
is difficult to characterize and optimize. A second advantage of this demodulation scheme is 
the ease of calibration. The proportionality constant A of Eq. 5 can easily be determined by 
unlocking the phase-locked loop. The circuit's output, Vu, then settles to some frequency 
equal to IOJB - mvcxol. As the relative phase of the two mixer inputs goes through 2n, the 
output of the interferometer shows a sine wave of amplitude equal to Al2. 
DIFFICULTIES ENCOUNfERED 
Several difficulties occur when the above interferometer and demodulation circuit are 
implemented to measure acoustic second harmonics. Given the space limitation of this paper, 
we present only a general overview of these difficulties. A detailed analysis will appear 
elsewhere [7]. 
Amplitude Modulation of the Photodetector's Output 
We observed that the output of the photodiode is not only phase modulated by the 
acoustic signal, but also amplitude modulated. It is difficult to understand the source of this 
phenomenon. Apparently the light reflected by the sample is also deflected at some time 
varying angle by the acoustic wave. This causes a relative misalignment of the probe and 
reference beams, thus the amplitude modulation. The result is asymmetric sidebands in V del 
and spurious second harmonics after demodulation. 
Rf 
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Fig. 3. Electronic demodulation of the photodetected signal. 
To remove the effects associated with this amplitude modulation, V det is converted into a 
phase modulated square wave, V..s!J' using a comparator-like circuit. This procedure has the 
added advantage of maintaining Vsq at a constant amplitude if V det is larger than some 
minimum value. The system is therefore largely insensitive to variations in the amount of 
collected light or to amplitude modulations of V det . Using Fourier series methods, we have 
shown that Vdet of Eq. 3 is transformed into Vsq such that 
.;, ls(ncpo) 
Vsq = A L ~ --n- cos (nwB + sWu)t 
n = 1, n odd s = ..00 (6) 
Only the odd harmonics of the carrier are present and they decrease in amplitude as lin . Each 
of these harmonics is phase modulated with lateral bands of relative amplitude equal to limp) 
(Fig. 4). It is important to note that the relative intensities of the carrier and of its sidebands 
are unchanged from Eq. 3. When this signal is used as the input of the demodulation circuit 
of Fig. 3, the higher order harmonics of the carrier and their sidebands are mixed with the 
40 MHz frequency of the VCXO. The additional components of the mixer output thus 
produced are all above the carrier frequency and are filtered out by the output low-pass filter. 
Distortions of the Comparator Circuit 
The mixer is an element producing an output as the sum and the difference of its two 
input frequencies. Therefore, when Vdet is mixed with the VCXO quadrature signal, the 
positive and negative sth sidebands result in signals of frequencies ±mu . Because of the 
phases of those signals, the odd harmonics add and the even harmonics cancel. Clearly, this 
precise cancellation of the even harmonics is only possible if the comparator circuit and any 
other component between the photodetector and the mixer do not alter the relative phase and 
amplitude of these sidebands. 
Phase Error of the In-quadrature Si!:nal 
If the angle between the quadrature signal and V det or Vsq differs from 90· by an amount 
1/1, then Eq. 5 becomes 
Vu = A (t sin ifllo(cpo) + cos ifl l 1(cpo) sin wut + sin ifl}z(cpo) cos 2Wutl. (7) 
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Fig. 4. Frequency spectrum of Vsq for WB = 40 MHz, Wu = 5 MHz, and Uo = 100 A 
(rpo = 0.2). 
2055 
The effect of this phase error is to introduce a dc offset and even hannonics that are phase 
shifted by 90° in the demodulated signal. 
Because of amplifiers and mixer dc offset, Vu has a non-zero dc offset even if cp = O. 
To find the proper reference voltage, the feedback loop is opened and the dc level of Vu is 
measured. The feedback loop is closed again and the reference voltage is adjusted until the dc 
level of Vu equals the previously measured value. 
Mechanical Vibrations 
The purpose of the feedback loop is to compensate for low-frequency mechanical 
vibrations. Because some residual dc offset must be present to drive the loop, the 
compensation is only equal to the gain of the loop at the frequencies considered. The 
remaining error signal corresponds to a time-varying phase q(t) that produces a varying 
amount of second hannonics. The situation is improved by increasing the gain of the loop 
and mechanically isolating the interferometer. Since the sign and amplitude of the second 
hannonics are uncorrelated in time, time averaging techniques can be used to reduce these 
hannonics greatly. 
On the Use of Mixers 
Mixers are highly non-linear elements. They distort the expected output in the following 
ways: dc offset, hannonic generation, two-tone intermodulation, and imperfect isolation of 
the input ports. These problems, except the isolation of the Lo input port, can generally be 
avoided by saturating the Lo input port and reducing the amplitude at the Rf input port 
sufficiently. . 
Signal to Noise Ratio 
Because the second hannonic amplitude is much smaller than the fundamental amplitude, 
and the sensitivity of optical detection techniques is poor, the second hannonic is usually lost 
in the wideband noise. As with all other optical techniques, the signal to noise ratio can be 
improved by increasing the amount of detected light and reducing the detection bandwidth 
[8]. Averaging several experiments also works well. With the current system, we can detect 
second hannonic amplitudes smaller than 0.05 A superposed onto a fundamental amplitude 
of 80 A or more. 
Calibration of the Interferometer 
There are several ways to calibrate the interferometer. One method was mentioned 
during the discussion ofEq. 5. Another way is to excite a sample with a continuous acoustic 
wave of amplitude Uo. The frequency content of Vdet is analyzed using a spectrum analyzer. 
For cpo « 1, the amplitude ratio of the first sidebands (s = ±1 in Eq. 3) to the carrier is 
equal to 
(8) 
This measurement of the acoustic displacement is compared to Vu and provides a calibration 
of the interferometer. Because the displacement can be obtained directly from the 
photodiode's current signal without any further electronic processing, this method should be 
the most reliable. But the previously discussed amplitude modulation of Vdet introduces a 
source of error in the measurement of the flrst sidebands (see Eq. 7). For best results, this 
calibration should be made using Vsq instead of V det. 
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MEASUREMENT OF THE NON-LINEARITY PARAMETER OF FUSED QUAR1Z 
To verify that the interferometer and associated electronics operate according to the 
model described above, we measured the dc offset, the fundamental amplitude, and the 
second hannonic amplitude and phase of Vu as a function of q,in a suprasil WI (fused quartz) 
sample. Suprasil WI was chosen because it has been measured reliably by other authors and 
the results obtained are independent of the supplier. This sample was a cylinder of 1 inch 
diameter and 1/2 inch long. A 4.9 MHz, 1 inch diameter, LiNb0:3 transducer was bonded 
with oil to one of the two flat faces. The other face was coated with Al to increase the amount 
of probe light reflected. The s parameter (equal to Az/a2 where .t is the acoustic wavelength, Z 
is the distance travelled by the acoustic wave, and a is the radius of the transducer's active 
region) [9] for this geometry was equal to 0.08. We were therefore performing a near field 
measurement This was also verified by noting that the fundamental amplitude of the first 
echo was uniform over a large portion of the center area of the detection surface. 
Given the additional contribution of the sample nonlinearities to the second hannonic, 
Eq.7 must be rewritten as 
Vu = A (t sin If>Jo((f)I) + cos If>h((f)I) sin rout + sin If>h(q>I) cos 2(1)"t + cos If>h(q>z) sin 2rout ) 
(9) 
where /PI and /P2 correspond to the phase shift due to the acoustic fundamental and second 
hannonics respectively. The measured values and their least squares fits to Eq. 9 are shown 
in Fig. 5. The values of /PI and rpz extracted from these graphs yield a fundamental surface 
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Fig. 5. Dc offset, fundamental amplitude, and second hannonic amplitude and phase of Vu 
as a function of q, in a suprasil WI sample. The squares are the measured values and the solid 
lines are least squares fits to Eq. 9. 
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amplitude of 83 A and a second harmonic amplitude of 0.46 A (the bulk amplitudes are half 
these values). The corresponding absolute value ofthe non-linearity parameter f3 is 13.7. 
Systematic errors in the measurement of 1131 are estimated to 10%. The result is therefore in 
reasonable agreement with values of f3 = -11.6 [10] and -12.7 [4] quoted in the literature. 
CONCLUSION 
We have shown the possibility to measure the non-linearity parameter f3 using a 
heterodyne interferometer to detect the absolute displacement of a sample's surface. We can 
detect second harmonic amplitudes smaller than 0.05 A superposed onto a fundamental 
amplitude greater than 80 A (dynamic range> 64 dB). The main advantages of this method 
are the speed at which the measurements can be made and the small amount of sample 
preparation required. In principle, one could measure samples with rough surfaces and no 
sample preparation if a powerful enough detection laser were employed. Although this 
interferometer is still a laboratory instrument, it represents an important technological step 
toward possible industrial applications of non-linear acoustics. 
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